An autonomous instrument based on off-axis integrated cavity output spectroscopy has been developed and successfully deployed for measurements of carbon monoxide in the troposphere and tropopause onboard a NASA DC-8 aircraft. The instrument (Carbon Monoxide Gas Analyzer) consists of a measurement cell comprised of two high-reflectivity mirrors, a continuous-wave quantum-cascade laser, gas sampling system, control and data-acquisition electronics, and data-analysis software. CO measurements were determined from high-resolution CO absorption line shapes obtained by tuning the laser wavelength over the R(7) transition of the fundamental vibration band near 2172.8 cm Ϫ1 . The instrument reports CO mixing ratio (mole fraction) at a 1-Hz rate based on measured absorption, gas temperature, and pressure using Beer's Law. During several flights in May-June 2004 and January 2005 that reached altitudes of 41,000 ft ͑12.5 km͒, the instrument recorded CO values with a precision of 0.2 ppbv (1-s averaging time) and an accuracy limited by the reference CO gas cylinder (uncertainty Ͻ1.0%). Despite moderate turbulence and measurements of particulate-laden airflows, the instrument operated consistently and did not require any maintenance, mirror cleaning, or optical realignment during the flights.
Introduction
For almost 30 years, tunable diode laser absorption spectroscopy techniques have been developed by dozens of groups worldwide for applications that require fast, nonintrusive measurements of trace gases, including atmospheric and environmental monitoring, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] combustion, propulsion, and other industrial processes. 16 -28 Since Beer's Law is used to convert the measured absorption spectra to gas mixing ratio, increasing measurement sensitivity generally involves using longer optical paths, increasing the ability to detect small changes in transmitted laser intensity or cavity ringdown time, and probing absorption features with greater line strengths (typically in the mid-infrared or ultraviolet spectral regions). As a result, various strategies have been developed to achieve high sensitivity, including direct absorption spectroscopy using long-path multipass cells, 29 wavelength (and frequency) modulation spectroscopy, 30 cavity ringdown spectroscopy, 31 cavity-enhanced absorption spectroscopy, 32 integrated cavity output spectroscopy (ICOS), 33 and Off-Axis ICOS. 34, 35 In this work, we describe the development and operation of an autonomous instrument (Carbon Monoxide Gas Analyzer) based on Off-Axis ICOS that employs a continuous-wave quantum-cascade laser for measurements of CO onboard a DC-8 aircraft with sub-ppbv sensitivity and precision. Similar to its predecessor, the differential absorption CO monitor (DACOM), this instrument should prove useful in quantifying and tracking variations in CO, and characterizing the distribution of combustion products in the troposphere and tropopause. In the future, the instrument may be applied for sensitive measurements of other gases that absorb at other wavelengths by selecting an appropriate laser and cavity mirrors.
Technical Approach
The present measurements are based on Off-Axis ICOS whose methodology and governing equations have been presented previously. 34, 35 Briefly, the laser intensity (I) transmitted through an empty cavity may be expressed as
where I L is the incident (or reference) laser intensity, C p is a cavity coupling parameter, R and T are the mirror intensity reflection and transmission coefficients, is the characteristic cavity (ringdown) decay time, L is the distance between the mirrors, and c is the speed of light. The coupling parameter C p depends on geometric factors and has a value between 0 and 1. After the laser beam enters the cavity, the intensity inside the cavity increases with the characteristic time constant . After sufficient laser power has accumulated in the cavity, the laser can be interrupted to observe a ringdown decay. Since the laser is continuously coupled into the cavity, the characteristic decay time may be periodically recorded with the laser tuned to a nonabsorbing wavelength i.e., 'off line', or in an empty cavity to monitor the effective optical path length in the cavity L eff ϭ L͑͞1 Ϫ R͒.
With an absorbing gas between the mirrors, R is replaced by RЈ, given by
where ␣͑͒ represents the optical depth (at frequency ) of the gas over the cavity length. Comparing Eq. (2) with the Beer-Lambert absorption formula for a single pass ͕I͞I o ϭ exp͓Ϫ␣͔͖͑͒ through the cavity reveals that I͞I o ϭ RЈ͞R. Thus Eqs. (1) and (2) indicate that essential absorption information is contained in the steady-state cavity output intensity. From these equations, the change in steady-state cavity output ͑⌬I ϭ I L Ϫ I͒ due to the presence of an absorbing species may be expressed
where A is the single-pass absorption ͕A ϭ 1 -exp͓Ϫ␣͔͖͑͒ and G ϭ R͑͞1 Ϫ R͒ is the cavity enhancement factor. The mole fraction of the probed species in natural air (i.e., uncorrected for dry air) may be determined from the measured spectra integrated over the entire absorption feature together with the measured temperature and total pressure in the cell, effective optical path length, and line strength of the target species.
Experimental
The Carbon Monoxide Gas Analyzer consists of a continuous-wave quantum-cascade distributed feedback (DFB) laser (QCL from Alpes Laser) mounted in a liquidnitrogen dewar that is coupled into a high-finesse optical cavity in an off-axis trajectory using a 2-in diameter F͞1 meniscus lens. Light transmitted through the cavity was focused onto a liquid-nitrogen-cooled InSb detector whose output signal was digitized, stored, and analyzed by an onboard computer. A schematic drawing of the instrument layout is shown in Fig. 1 . A photograph of the instrument is shown in Fig. 2 . The quantum-cascade laser was mounted onto the cold head in the dewar using a custom mounting plate. The . Software spectrum display mode. The measured cavityenhanced transmission intensity is shown in the top graph and is converted into an absorption spectrum in the bottom graph. The line shape in the bottom window is least-squares fit to a Voigt profile and combined with measured values of gas temperature and pressure in the cell to determine the CO mixing ratio.
laser was held onto the plate by a mounting clamp that assures good thermal contact between the two. For the present application, the laser temperature was held to 94.0 K by adjusting the thickness of the mounting plate. A positive bias voltage was placed across the quantum-cascade laser by using a gold-coated spring clamp. The dewar was selected to have a hold time of greater than 24 h (no load), and an operating time of Ͼ8 h (with 10-W load). The bottom plate and feedthrough ports were customized to facilitate laser mounting, operation, and thermal measurement. The laser was driven by a low-noise laser current controller capable of 1-MHz bandwidth analog modulation with the compliance voltage ͑9 V͒ required by the laser. The single-mode laser wavelength was injection-current tuned at an 800-Hz rate about 0.5 cm Ϫ1 near 2172.8 cm Ϫ1 to record high-resolution measurements of the CO R(7) line of the fundamental vibration band.
The 40-cm-long ͑620 cm 3 volume͒ optical cavity was comprised of two highly reflective mirrors (1-m radius of curvature) with a total optical loss of 1000 ppm to yield an effective path length of 400 m.
While higher reflectivity mirrors are readily available (and would yield a longer effective path length), the given path length was sufficient for accurate measurements of CO levels typically present in the troposphere and tropopause ͑30-600 ppbv͒. The system may be easily modified to allow CO measurements in the stratosphere by replacing the present cavity mirrors with higher-reflectivity mirrors to increase the effective path length.
Sampled gas from the inlet was first routed through a particulate filter to minimize the particles that might otherwise accumulate on the mirrors. The gas was then directed into the ICOS cell through a pressure-control solenoid valve that works in conjunction with a capacitance manometer pressure gauge, mounted directly to the cell, and an external controller to maintain the desired pressure ͑80 torr͒ in the cell. The gas was then exhausted from the cell at a 2.8L͞s flow rate via a dry vacuum pump. The ICOS cell can also be isolated from the inlet (using valves V1 and V3) and exhaust (using valves V2 and V4) system for static gas measurements via large orifice ͑1͞4-in diameter) solenoid control valves. The gas temperature in the cell was monitored with a calibrated thermistor. In order to check mirror health during the flights, reference gas with known CO mixing ratio [͑CO͒ ϭ 550 ppbv in air] was directed into the cell at half-hour intervals. The entire instrument weighs 150 kg and consumes 180 W of electrical power, excluding the vacuum pump ͑0.8 kW͒. Figure 3 shows a screenshot of the instrument user interface of the data analysis and control software. This software controls gas flow, displays and records transmission traces, analyzes the data, and stores the results to file in real time. For example, the measured raw data trace, representing cavity-enhanced transmission intensity, is shown in the top graph and is converted into an absorption spectrum in the bottom graph. The line shape in the bottom window was least-squares fit to a Voigt profile and combined with measured values (shown in the screenshot) of gas temperature and pressure in the cell to determine the CO mixing ratio.
Measurements: Data Analysis
The measured transmitted laser intensity, corrected for detector offset, was least-squares fit to multiple Voigt profiles that model the probed CO and smaller neighboring N 2 O absorption features in the selected wavelength interval. The cavity enhancement factor (G) can be determined by measuring either the cavity ringdown or by the absorption of a known reference gas standard. The former method was not implemented in this instrument because the ringdown time was too short ͑ϳ1 s͒ to be accurately measured with the present detector amplifier bandwidth ͑30 kHz͒. Therefore the cavity-enhancement factor was determined by periodically measuring CO in a reference gas cylinder. Despite flying through clouds and smog, the instrument's cavity mirrors remained clean throughout the flight, and neither recalibration nor cleaning of the mirrors was necessary. Moreover, the particle filter did not clog or require cleaning.
Results

A. Flight Tests
The Carbon Monoxide Gas Analyzer was successfully Fig. 4(a) . This flight pattern, shown in Fig. 5 to correlate with CO measurements, reached a maximum altitude of 27, 000 ft and included several racetrack patterns as well as ascents and descents. During this flight, the maximum CO mixing ratio was 227.8 ppbv; the minimum detected was 107.7 ppbv. CO profiles measured during the first two ascent and descent patterns (Leg 1 and Leg 2, respectively) are shown in Figs. 4(b) and 4(c) . Leg 1 was performed over the Pacific Ocean and indicated a very distinct and narrow CO layer on descent (Fig. 5 waypoint A) near 8000 feet. The same layer was measured again on ascent over a different geographic location (Fig. 5 waypoint B) at almost the same altitude. This layer was detected again during Leg 2, over the northern part of the California Central Valley. During this leg, however, the layer was detected near 10,000 ft on descent (Fig. 5 waypoint C) and slightly higher on ascent (Fig. 5 waypoint D) . It is interesting to note that the CO layers measured in the upper troposphere seem to descend, while the lower altitude layers seem to be increas in altitude. Lower troposphere CO also seems relatively homogeneous on these flights.
C. Tropopause Measurements
CO mixing ratios measured during the 17 May 2004 test flight are shown in Fig. 6 . This flight path remained mostly level at 41,000 ft. No distinct layers were detected, but extremely low mixing ratios consistent with stratospheric levels were measured. Figure 6(b) shows a 10-min section of data from this flight. The minimum measured CO mixing ratio was 32.1 ppbv. Figure 6 (c) shows a 60-s segment of data (recorded at a 1-Hz data rate) where the CO mixing ratio was relatively constant. The average and standard deviation of the CO mixing ratio during this interval was 32.7 Ϯ 0.2 ppbv. 
D. Polar Aura Validation Experiment Science Flights
The Carbon Monoxide Gas Analyzer also participated in NASA Polar Aura Validation Experiment (PAVE) aboard the NASA DC-8 Airborne Research Laboratory in January 2005. This science mission was performed to validate data from NASA's Aura satellite, launched in July 2004. In addition, these missions were designed to help better understand the transport and transformation of gases and aerosols in the lower atmosphere (troposphere) and their exchange with those in the lower stratosphere. Figure 7 shows the CO mixing ratio as a function of time during a 10-h science flight on 31 January 2005. During this flight, CO mixing ratios as low as 24 ppbv were recorded. To demonstrate instrument repeatability, accuracy, and mirror integrity, repeated measurements of CO from the known reference gas standard ͓͑CO͔ ϭ 550 ppbv͒ were recorded during the flight (at 30-min intervals) and are displayed in Fig. 8 . The measured CO mixing ratios varied by less than 0.5% over the entire 10-h-long flight and indicated that regular system recalibration was not required.
The goal in performing this work was to provide NASA with an autonomous instrument capable of quantitative CO measurements in the troposphere and tropopause based on Off-Axis ICOS measurements using a quantum-cascade laser near 4.6 m. Further work is currently underway at Los Gatos Research to develop instruments for measurements of other important species from absorption line shapes recorded in different spectral regions using multiple laser sources.
Conclusions
Los Gatos Research has developed an autonomous field deployable instrument capable of measuring ambient CO with a precision of 0.2 ppbv that does not require regular calibration. The instrument recorded ambient CO values onboard a NASA DC-8 aircraft at altitudes that reached 41,000 feet ͑12.5 km͒ feet ͑12.5 km͒ in May-June 2004 and January 2005. The instrument operated consistently and did not require maintenance or optical realignment during or after the flights. The demonstrated performance suggests that the instrument may be useful for trace-gas measurements in atmospheric monitoring and other applications that require sensitive, precise, and accurate measurements without user intervention and regular external calibration. In the near future, we will investigate the use of cavity mirrors with higher reflectivity for increased effective optical path length and thus sensitivity for measurements of other interesting species. of less than 0.5% over 10 h in flight demonstrates that the instrument was stable and yields reproducible results without regular external calibration and that the reflectivity of the cavity mirrors remains constant.
